Mutations in the myosin VIIa gene cause Usher syndrome type IB (USH1B), characterized by deaf-blindness. A delay of opsin trafficking has been observed in the retinal photoreceptor cells of myosin VIIa-deficient mice. We identified spectrin bV, the mammalian b-heavy spectrin, as a myosin VIIa-and rhodopsin-interacting partner in photoreceptor cells. Spectrin bV displays a polarized distribution from the Golgi apparatus to the base of the outer segment, which, unlike that of other b spectrins, matches the trafficking route of opsin and other phototransduction proteins. Formation of spectrin bV-rhodopsin complex could be detected in the differentiating photoreceptors as soon as their outer segment emerges. A failure of the spectrin bV-mediated coupling between myosin VIIa and opsin molecules thus probably accounts for the opsin transport delay in myosin VIIa-deficient mice. We showed that spectrin bV also associates with two USH1 proteins, sans (USH1G) and harmonin (USH1C). Spectrins are supposed to function as heteromers of a and b subunits, but fluorescence resonance energy transfer and in vitro binding experiments indicated that spectrin bV can also form homodimers, which likely supports its aII-independent bV functions. Finally, consistent with its distribution along the connecting cilia axonemes, spectrin bV binds to several subunits of the microtubule-based motor proteins, kinesin II and the dynein complex. We therefore suggest that spectrin bV homomers couple some USH1 proteins, opsin and other phototransduction proteins to both actin-and microtubule-based motors, thereby contributing to their transport towards the photoreceptor outer disks.
INTRODUCTION
Usher syndrome (USH) is the most frequent cause of inherited deaf-blindness in humans. Three clinical subtypes (USH1-3) have been defined according to the severity of the hearing impairment, the absence or presence of vestibular dysfunction, and the age of onset of retinitis pigmentosa that leads to blindness. USH1, the most severe clinical form, is characterized by congenital, severe to profound hearing loss, balance deficiency and early onset of retinitis pigmentosa before puberty (1 -6) .
Six USH1 causal genes have been identified. They encode an actin-based motor, myosin VIIa (USH1B), a PDZ-domaincontaining scaffold protein, harmonin (USH1C), two large cadherins, cadherin-23 (USH1D) and protocadherin-15 (USH1F), a scaffold protein with ankyrin repeats, sans (USH1G), and a calcium-and integrin-binding protein, CIB2 (USH1J) (3, 6, 7) . Mutant mice lacking myosin VIIa, harmonin, cadherin-23, protocadherin-15 or sans display congenital profound deafness, faithfully mimicking the hearing impairment of USH1 patients (1, 3) . All five USH1 null mutant mice show a fragmentation of * To whom correspondence should be addressed at: Unité de génétique et physiologie de l'audition, Inserm UMRS1120, Département de Neuroscience, Institut Pasteur, 25 rue du Dr Roux, 75015 Paris, France. Tel: +33 145688892; Email: aziz.el-amraoui@pasteur.fr or elaz@pasteur.fr the hair bundle (8) , the mechano-receptive structure by which auditory hair cells convert sound-evoked mechanical stimuli into receptor membrane potentials. The hair bundle consists of a staircase-like array of F-actin-rich microvilli, the stereocilia, which crowns the apical surface of the hair cells. In both the developing and mature hair bundle, cadherin-23 and protocadherin-15 have been proposed to form the interstereocilia links, which are anchored to the stereocilia actin filaments through direct interactions with myosin VIIa, harmonin b and sans (8 -12) .
As regards the visual phenotype, USH1 patients develop a rod-cone dystrophy, with electroretinogram abnormalities already detectable in 2-year-old affected children (13 -16) . In contrast, no such electroretinogram anomalies or abnormal visual phenotypes have been observed in the corresponding USH1 mutant mice (17) (18) (19) (20) (21) (22) (23) . Such a discrepancy between mouse and human phenotypes could be explained by the existence of a major difference between rodents and primates in the architecture of photoreceptor cells (24) . In the apical region of these cells, two distinct compartments can be distinguished: the photosensitive outer segment, which contains stacks of hundreds of membrane disks dedicated to the phototransduction process, and the inner segment, which contains the biosynthesis machinery. We recently showed that in human and non-human primate photoreceptor cells, USH1 proteins are localized at the interface between the inner and outer segments junction, and they are associated with the calyceal processes. These are F-actin filled long microvilli that crown the apical region of the inner segment and surround the basal outer disks. In contrast, mouse photoreceptors do not have typical calyceal processes, and lack USH1 proteins in this region (24) . Together, these data led us to suggest that USH1 proteins form an adhesion belt around the basolateral region of the photoreceptor outer segment in humans, and that defects in this structure probably cause the retinal degeneration in USH1 patients (24) . Additional roles for USH1 and USH2 proteins in the photoreceptor cells and/or other retinal cell types have been proposed (25) (26) (27) (28) (29) (30) . Notably, retinal abnormalities have been reported in some USH1 mutant mice, even though they do not display a retinal degeneration (26) (27) (28) 31, 32) . Detailed analysis of photoreceptor cells from myosin VIIa-deficient mice has revealed altered assembly kinetics of the outer segment disks, and an abnormal accumulation of rhodopsin in the connecting cilium, the unique route between the inner and outer segments (32) . Similar, but more severe opsin transport deficiency has been observed in Kif3a-deficient mice, due to defects in kinesin II, the microtubule-based anterograde motor protein (33, 34) . It has then been suggested that, similar to the kinesin/dynein motors, the actin-based motor protein myosin VIIa also participates in opsin transport through the photoreceptor connecting cilium (32, 35 ). Yet, the molecular mechanisms elucidating how these motor proteins pick up opsin containing vesicles to allow their transport, and how the distinct motor complexes, myosin VIIa and kinesin/dynein, co-operate in transport of cargos along actin-and/or microtubule-based tracks remain unclear. These questions extend to other proteins of the transduction machinery, and possibly also to USH1 protein.
To address these issues, we sought proteins interacting with the tail of myosin VIIa using the yeast two-hybrid technique and a retinal cDNA library. We report here the identification of the non-classical spectrin, spectrin bV, as a myosin VIIa binding partner. Spectrin bV also associates with rhodopsin as well as several other key phototransduction proteins. Moreover, spectrin bV also interacts with the microtubule-based motors kinesin and dynein, which is consistent with its polarized and specific distribution pattern in the photoreceptor cells. Together, our findings led us to propose that spectrin bV multimers bridge post-Golgi vesicles to the photoreceptor motor proteins, and participate to their transfer towards the outer segment. Whether this extends to some transport anomalies observed in USH1 mutant mice is also investigated.
RESULTS AND DISCUSSION
Spectrin bV, the mammalian non-classical spectrin b subunit interacts with myosin VIIa
To identify myosin VIIa-interacting proteins, we used the C-terminal MyTH4/FERM domain of the human myosin VIIa as a bait (amino acids 1752-2215, accession number NP_ 000251) to screen a human retina yeast two-hybrid cDNA library (Fig. 1A) . Among the potential ligands identified, a 320 amino acid prey (encoded by two different clones) that corresponds to the C-terminal region of the human spectrin bV subunit, hereafter referred to as bV-R29CT (amino acids 3355-3674), was detected (Fig. 1A) . Spectrins consist of two subunits, a and b, which are aligned side to side to form higher order oligomers. In mammals, two a-spectrin subunits aI and aII, four classical b-spectrin subunits bI, bII, bIII and bIV, and a non-classical b subunit, bV, have been reported (36, 37) . Similar to other classical b spectrins, spectrin bV (molecular mass 417 kDa, accession number AAF65317.1) displays three distinct regions (38) : an N-terminal region (amino acids 1 -255) with two calponin homology (CH) motifs, a large central region (amino acids 256 -3482) composed of 30 spectrin repeat units (the 30th being partial), instead of the 17 repeats found in classical b spectrins and a C-terminal region (amino acids 3483-3674) containing the pleckstrin homology (PH) domain (Fig. 1A) .
To assess the specificity of the yeast two-hybrid interaction, the spectrin prey bV-R29CT was expressed in the yeast strain AMR70, and the recombinant strain was mated with recombinant L40 strains producing either myosin VIIa-MyTH4/FERM (amino acids 1752-2215), myosin VIIa-MyTH4 (amino acids 1752-2006), merlin (FERM domain-containing protein; amino acids 1-591) or an unrelated control protein, lamin C (amino acids 1 -572). The spectrin bV-R29CT fragment did bind to myosin VIIa-MyTH4/FERM, whereas no interaction was obtained with myosin VIIa-MyTH4, merlin and lamin C (Fig. 1B) . Consistently, in transfected HeLa cells, the GFP-tagged myosin VIIa tail co-localized with different myctagged spectrin bV fragments, specifically, bV-R29 (amino acids 3317 -3674) and bV-PH (amino acids 3531 -3643) (Fig. 1C ). This interaction was further supported by the recruitment of GFP-tagged myosin VIIa tail at cell -cell junctions of the polarized epithelial cells LLC-PK-CL4, in which a spectrin bV fragment artificially targeted to the plasma membrane, the hEcad/bV-R29 chimera composed of the five extracellular cadherin repeats and transmembrane domain of human E-cadherin (hEcad) fused to bV-R29, was produced by
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cotransfected cells (Fig. 1D) . The direct interaction between the two proteins was confirmed using direct in vitro binding assays. GST-tagged bV-R29 (amino acids 3317-3674), GST-tagged bV-PH and GST-harmonin a (the USH1C protein used as a positive control), but not GST alone, bound to His-myosin VIIaMyTH4/FERM (amino acids 1752 -2215), the myosin VIIa tail and also to the full-length myosin VIIa (Fig. 1E ). Because myosin VIIa has been shown to interact with another PH-domain In co-transfected HeLa cells, GFP-tagged myosin VIIa tail (green) perfectly colocalizes throughout the cytoplasm with the myc-tagged spectrin bV-R29 and bV-PH (yellow). The presence of the myosin VIIa tail modifies the distribution pattern of bV-PH, i.e. the diffuse uniform distribution is changed into punctuated myosin VIIa and spectrin bV co-labelled structures, which further confirms the association between myosin VIIa and spectrin bV. (D) Also, when targeted to the cell-cell junction, using the hEcad/bV-R29 chimera, composed of the five extracellular cadherin repeats and transmembrane domain of human E-cadherin (hEcad) fused to the C-terminal region of spectrin, hEcad/bV-R29 is able to recruit the GFP-tagged myosin VIIa tail underneath the plasma membrane. (E) In vitro bindings. GST-tagged bV-R29, but not GST alone, binds to the purified His-tagged myosin VIIa-MyTH4/FERM fragment, the in vitro translated S 35 -labelled myosin VIIa tail and the full-length protein. The GST-tagged bV-PH region is sufficient for spectrin bV-myosin VIIa interaction (middle panels). (F) Using HEK293 cells cotransfected with plasmids encoding GFP-tagged myosin VIIa tail and myc-tagged spectrin bV-R7/21, the two proteins specifically co-immunoprecipitated using anti-GFP conjugated coated beads. Bars ¼ 10 mm.
containing protein, PHR1 (39), we tested whether it interacts with the PH domain of other b spectrins. We failed to observe an association between Flag bII-R13, the C-terminal fragment (amino acids 1595 -2363) of spectrin bII, and the GFP-tagged myosin VIIa tail (Supplementary Material, Fig. S1D ). Reciprocal experiments using biotin-tagged myosin VIIa truncated fusion proteins showed that the region containing the FERM domain (amino acids 1886 -2215), but not the MyTH4 domain (amino acids 1731-1900), is required for the myosin VIIa interaction with bV-R29CT (see Supplementary Material, Fig. S2A ). This interaction between spectrin and myosin VIIa is specific as no binding was observed between GST-tagged bV-R29 and several FERM-containing proteins, and myosins, specifically band 4.1, ezrin, merlin, the myosin X tail (amino acids 811 -2062), the myosin XVa-MyTH4/FERM fragment (amino acids 2950 -3511) or myosin IC (Supplementary Material, Fig. S2B ). To test the interaction with a full-length spectrin bV, two human cDNA clones were obtained but, unfortunately, several errors and gaps were detected between the spectrin repeats 15 and 20 (see Supplementary Materials and Methods). To overcome this problem, we generated a mini-classical spectrin bV, referred to as bV-R7/21. This chimeric mini-spectrin bV lacks the spectrin repeats 8 -20, but it displays the three regions found in classical spectrins, (i) the actin-binding domain, (ii) a central region with 17 spectrin repeats, and (iii) the C-terminal region containing the PH domain (Fig. 1F) . Co-immunoprecipitation assays carried out on co-transfected HEK293 cells confirmed that the GFP-tagged myosin VIIa tail did immunoprecipitate with either myc-tagged bV-R7/21 (Fig. 1F) or bV-R29 (Supplementary Material, Fig. S1C ).
Together, these data establish that spectrin bV specifically binds to myosin VIIa, an interaction that is mediated through their corresponding PH and FERM C-terminal domains, respectively.
Spectrin bV codistributes and interacts with myosin VIIa and rhodopsin in photoreceptor cells
To determine the cellular distribution of spectrin bV, we carried out confocal microscopy analyses on cryosections of adult cynomolgus monkey (Macaca fascicularis) and human retinas using affinity-purified antibodies produced against a human spectrin bV fragment (amino acids 3443 -3668) (see Supplementary Materials and Methods). Spectrin bV immunostaining was detected in human and macaque photoreceptor cells, consistent with previous findings (38) , and also in Müller glia cells ( Fig. 2A) . In contrast, unlike for myosin VIIa (40) (41) (42) , no specific immunostaining for spectrin bV was detected in the retinal pigment epithelium cells, or in the synaptic region of photoreceptor cells ( Fig. 2A, Supplementary Material, Fig. S3 ). In longitudinal sections, intense spectrin bV labelling was detected at the junction between the inner and outer segments, in both rod and cone photoreceptors (Fig. 2B -D) . Given the presence of myosin VIIa and other USH1 proteins in the calyceal processes of photoreceptor cells, we asked whether spectrin bV is also present in these F-actin-based structures that are properly preserved only in perfused animals (24) . We did not detect spectrin bV in the calyceal processes, which were visualized by their F-actin immunostaining that extends above the inner segment, and beyond the labelled connecting cilium (Fig. 2E ).
Spectrin bV immunostaining was particularly abundant in the distal region of the inner segment, called the ellipsoid (Fig. 2B-D) . Counterstaining with antibodies to rhodopsin, cone opsin and acetylated tubulin revealed that spectrin bV labelling also extended through the connecting cilium and along the associated axoneme alongside the opsin-labelled outer segment (Figs 2D and 3A). Consistently, applying pre-and post-embedding immuno-electron microscopy labelling in human and mouse retinas, we detected abundant spectrin bV labelling at the vicinity of microtubules spanning the connecting cilium and its axoneme (Fig. 3B) , and in the region of newly formed disk membranes at the basal part of the outer segment (Supplementary Material, Fig. S4A and B). The post-embedding immunogold labelling also revealed decoration alongside the microtubules of the entire length of the connecting cilium (Supplementary Material, Fig. S4B ).
Visual transduction occurs in the light sensing cilium organelle, the outer segment, which is continually renewed (43, 44) . In mammalian rods, new outer disks are produced at the base of outer segment every day and throughout lifetime (43) . This outer disks turnover ( 10% every day) requires substantial vectorial transport of all disk components de novo synthesized in the inner segment (43, (45) (46) (47) . Every minute, 2000 rhodopsin molecules are transported towards the periciliary region and thus through the connecting cilium to the base of the outer segment, where new membranes are added at a rate of 77 cm 2 /day (43 -45,48) . Of note, the distribution pattern of spectrin bV in the photoreceptor cells strictly matches the trafficking route of opsin molecules and the other components of the visual transduction cascade, i.e. arrestin, transducins, phosphodiesterase b and g. This suggests that spectrin bV forms a guiding meshwork from the Golgi apparatus to the outer segment, supported by the absence of spectrin bV staining in the photoreceptor myoid and synaptic regions. Furthermore, by using retinal protein extracts from adult rat, we found that the anti-spectrin bV antibodies, but not the pre-immune serum or protein G alone (Fig. 3D) , immunoprecipitated not only spectrin aII and band 4.1 protein (two natural ligands reported for all b spectrins), but also myosin VIIa and rhodopsin (Fig. 3D) .
Together, our findings suggest that spectrin bV, located in the photoreceptor ellipsoid region, binds, in vivo and in vitro, to myosin VIIa and rhodopsin, two key proteins in photoreceptor cells functioning.
Spectrin bV can form homomers, and would thus display spectrin aII independent functions in the photoreceptor cells Spectrins have so far been considered as heterotetrameric proteins of antiparallel a-and b-subunits (Fig. 4A ), presenting two actin-binding domains at both ends of the tetramer, which enables them to crosslink actin filaments into branched networks (36, 37, 49, 50) . The identity of spectrin b subunit, its subcellular localization and also the spectrum of corresponding binding partners (including among other spectrins) thus probably guide the specificity of spectrins' function. By analysing the distribution patterns of aII spectrin and of the five spectrin b subunits in the retina, we found that, apart from bII and aII ( Fig. 4B ; see also 51, 52) , only a significant bV spectrin labelling could be detected in photoreceptor cells (Fig. 4B) . In these cells, bV displayed a unique cytoplasmic immunostaining along the
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trafficking route from the Golgi apparatus towards the base of the photoreceptor outer segment ( Fig. 4B and C ). This contrasted with the distribution pattern of aII and bII spectrin subunits, which were both observed along the plasma membrane of the inner segment ( Fig. 4B and C), as previously reported (52, 53) . Spectrins aII/bII, similar to aII/bIII (54), have been shown to be involved in the sorting and transport of proteins to the lateral plasma membrane (52) . Double labelling showed that spectrin bV immunostaining does not colocalize with spectrins bII and aII in the photoreceptor inner segment ellipsoid (Fig. 4C ) or along outer segment axoneme ( Fig. 4D ), which qualifies spectrin bV as the spectrin being involved in targeting towards the apical membrane, the outer segment. So far, little attention has been paid to whether there exists mixed or strict co-distribution of spectrin a and b subunits in a given cell type. The distinct spectrin distribution patterns we show here in photoreceptor cells raises the attractive possibility that, at least in some compartments, the spectrin subunits aII and In both cone and rod of dark-adapted photoreceptors, spectrin bV is particularly abundant below the opsin-labelled OS, in the distal region of the arrestin-labelled IS, called the ellipsoid. (E) Macaque retinas (perfused animals). A phalloidin-stained retina, illustrating the presence of the F-actin labelled calyceal processes (CP) and their roots (arrowheads) in the apical region of the inner segment of a cone photoreceptor cell. Note that spectrin bV immunolabelling is absent from the F-actin labelled calyceal processes, extending above the connecting cilium (blue). DAPI nuclear staining (blue) delineates the outer nuclear layer (ONL). OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. Bars ¼ 10 mm.
Human Molecular Genetics, 2013, Vol. 22, No. 18 3777 bV do function independently. For spectrin bV molecules to be able to cross-link actin filaments, one possibility is a selfassociation of the monomers through their C-terminal region. We used complementary approaches to investigate this possibility. In HeLa cotransfected cells, we observed that CFP-tagged bV-R23 strictly colocalized with myc-tagged bV-R26 (Fig. 5A ), but not with Flag-tagged bII-R13 (Fig. 5B) . To address a possible spectrin bV self-association in living cells, CFP-tagged bV-R23 (amino acids 2684-3674) and YFP-tagged bV-R29 (amino acids 3317-3674) were used as donor and acceptor, respectively. The interaction between the cyan and yellow fluorescent proteins was monitored by fluorescence resonance energy transfer (FRET) microscopy ( Fig. 5C and D) . Analysis was performed after transient expression in single (Fig. 5C , upper panels) and double-transfected (Fig. 5C , lower panels) cells. The lifetime decay of donor fluorescence is characteristic of FRET occurrence between the two fluorophores. Excitation was carried out at 445 nm, and FRET between the two fusion proteins was then monitored using fluorescence lifetime imaging microscopy. In HeLa cells producing either CFP-tagged bV-R23 or YFP-tagged bV-R29, the lifetime fluorescence of CFP and YFP was about 3.72 ns (orange in Fig. 5C ) and 1.9 ns (light blue in Fig. 5C ), respectively, which are the expected values in the absence of FRET. The mean lifetime measurements from 10 cells are reported in Figure 5D . In contrast, in co-transfected cells producing both CFP-tagged bV-R23 and YFP-tagged bV-R29, we found a significant decrease in the donor (CFP-tagged bV-R23) lifetime (from 3.72 to 2.165 ns) (Fig. 5D ). An increase in the lifetime fluorescence of the acceptor (YFP-tagged bV-R29, from 1.9 to 2.3 ns) was also observed (Fig. 5D ). Together, our data establish a direct homodimeric interaction between the two spectrin bV fragments. Using in vitro binding experiments, we could show that the spectrin bV self-association did occur through the last C-terminal spectrin repeats (R29-R30) (Fig. 5E ). We next tested if the spectrin bII subunit, which is present in photoreceptor cells, also can form heterotypic dimers with spectrin bV. No interaction was observed between spectrin bV and flag-tagged bII-R13 ( Fig. 5B and F, and data not shown), excluding a mixed association between bV and bII spectrin subunits. We next examined a possible effect of spectrin bV on cellular membrane compartments using transfected HeLa cells. Previous studies in Drosophila have shown that overexpression of the Cterminal region of b-heavy spectrin, the Drosophila ortholog of spectrin bV, affects cell shape and epithelial development, features ascribed to defects in membrane and protein trafficking (55, 56) . Comparative analyses were carried out in HeLa cells producing each of two myc-tagged spectrin bV fragments, bV-R7/21 (chimeric full-length mini-classical spectrin bV), bV-R26 (amino acids 3002 -3674) or the flag-tagged spectrin Human
bII C-terminal fragment bII-R13 (amino acids 1595 -2363) (Fig. 6) . Analysis of transfected HeLa cells revealed two abnormal phenotypes specifically observed in bV-R26 producing cells (Fig. 6 ). The architecture of the Golgi apparatus was impaired in 40% of these transfected cells, as revealed by immunostaining the Golgi-matrix protein, GM130 (Fig. 6B) . Instead of the compact and normal Golgi stacks observed in nontransfected cells, or in transfected cells producing myc-tagged bV-R7/21 (Fig. 6A) or flag-tagged bII-R13 (data not shown), the Golgi apparatus in bV-R26-producing cells was present as dispersed fragmented structures (Fig. 6B) . Furthermore, the overexpression of myc-tagged bV-R26 was correlated with a reduction in the fluorescence of the lysosomal marker Lamp1, suggesting a disruption in lysosomal trafficking (Fig. 6C) . We found that there was a 1.67-fold decrease in Lamp1 staining intensity in cells overexpressing bV-R26, compared with non-transfected cells (P , 0.0001) (Fig. 6D , and see Supplementary Materials and Methods). In contrast, we did not observe such a decrease in HeLa cells producing either the chimeric bV spectrin protein bV-R7/21 (P ¼ 0.8985) or the flag-tagged bII-R13 (P ¼ 0.2034) (Fig. 6E -H) . Together, these data suggest that overexpression of the spectrin C-terminal region affects Golgi (E) Using different GST-tagged fusions, bV-R29, bV-DPH, bV-PH or GST alone, incubated with equal amounts of myc-tagged bV-R26, only GST-tagged bV-R29 and GST-tagged bV-DPH interact with myc-tagged bV-R26. (F) Pull-down assays. GST-tagged bV-R29 specifically binds to the myc-tagged spectrin bV-R26, but not the flag-tagged equivalent region in spectrin bII, bII-R13. Bars ¼ 10 mm.
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Human Molecular Genetics, 2013, Vol. 22, No. 18 apparatus structure and cellular membrane compartments (e.g. lysosomes). Our findings provide evidence that spectrin bV can form homotypic homodimers, which, in the absence of spectrin a, enables bV subunits multimers to tether vesicular intracellular membranes allowing their connection to the adjacent cytoskeleton.
Spectrin bV associates with microtubule-based motors in the differentiating photoreceptor cells
In photoreceptor cells, protein transport does not rely on actinbased motors only. A bidirectional trafficking towards and along the connecting cilium occurs along microtubules, mediated by anterograde and retrograde movements of molecular motors (46, 57, 58) . The cytoplasmic dynein complex conveys cargos from the Golgi apparatus towards the base of the connecting cilium (59 -61) , where the kinesin complex takes over to translocate ciliary membrane associated components towards the outer segment ( Fig. 3A and B) . Spectrin bV association with the connecting cilium and the outer segment axoneme (Fig. 3A) , as well as the co-alignment of myc-tagged bVR29 puncta with microtubules in transfected HeLa cells (Fig. 3C) , prompted us to seek for its possible link with microtubule-based motors. We first tested whether spectrin bV can associate with the dynein complex. Two subunits of this motor complex, dynein intermediate chain (DIC) and dynamitin (p50), but not centrin, a Ca 2+ -binding protein of the connecting cilium (62,63) used as a control protein, were indeed co-immunoprecipitated by anti-spectrin bV antibodies (Fig. 7A) . We also sought a possible association between spectrin bV and kinesin II, a heterotrimer consisting of two heavy chains, Kif3a and Kif3b, and an accessory subunit, Kap3 (kinesin-associated polypeptide 3) (Fig. 7A) . We found that Kif3a subunit coimmunoprecipitated with spectrin bV using the anti-spectrin bV antibody (Fig. 7A) . The interaction between spectrin bV and Kif3a does not depend on kinesin-microtubule interactions, as GST-tagged bV-R29 binding to Kif3a was insensitive to ATP-and remained Fig. S3C ) showed that the formation of the spectrin bV-opsin and spectrin bV-microtubule associated motor complexes parallels the emergence of the outer segments in the photoreceptor cells (Fig. 7C) . Anti-spectrin bV antibodies incubated with retinal protein extracts derived from rats at P0 (retina with immature photoreceptors), P5 (photoreceptor cells just starting to develop their connecting cilia), P10 (photoreceptor cells have developed outer disks) or P20 (mature retina) detected spectrin bV-opsin and spectrin bV-Kif3a complexes from P10 onwards (Fig. 7C) , when the synthesis of opsin molecules had increased and the photoreceptor outer disks start to form (64, 65) . To address whether spectrin bV can interact simultaneously with cargos and the different molecular motors, we examined whether the same or distinct domains of spectrin bV C-terminal region are involved in myosin VIIa-, kinesin II-and rhodopsinbindings (Fig. 7B) . We found that GST-tagged bV-PH was sufficient to interact with either myosin VIIa or Kif3a, whereas GST-tagged bV-R29DPH bound only to rhodopsin (Fig. 7B) . Therefore, a spectrin bV monomer can bind simultaneously to both rhodopsin and a motor protein, either myosin VIIa or kinesin II. These motors are likely to compete for their interaction with the PH domain of spectrin bV. Nonetheless, thanks to its homomerization, spectrin bV multimers (almost twice as long as the classical spectrins) tethered to opsin may still bind, either independently or concomitantly, to distinct cytoskeleton-associated motors, thereby allowing the possibility of cargos-switching between actin filaments and microtubule tracks.
Spectrin bV bridges phototransduction and USH1 proteins to cargos in the photoreceptor cells
In photoreceptor cells, arrestin and transducin have been shown to undergo light-driven reversible translocation between the inner and outer segments, a process that has been shown to require an intact cytoskeleton (66) . Recently, defects in the translocation of these proteins have been reported when myosin VIIadeficient mice are exposed to light at 2500 Lux illumination (67) . Notably, a delayed transducin translocation has been reported in these mice, which infers that myosin VIIa might contribute also to light-dependent bidirectional movement of molecules across the connecting cilium (67) . Based on the results showing spectrin bV interaction with myosin VIIa and rhodopsin (Figs 1 and 3) , we explored the possibility that spectrin bV associates also with arrestin and transducin, and extended our investigation to some other proteins involved in the phototransduction machinery (Fig. 8A, left panel) . Pull-down and co-immunoprecipitation experiments, using P35 rat retinal protein lysates, showed that spectrin bV associates, both in vitro (Supplementary Material, Fig. S5C ) and in vivo (Fig. 8A, right panels) , with transducins b1 (rod transducin) and b3 (cone transducin, see Supplementary Material, Fig. S5C ), arrestin, and PDE6g, a prenyl-binding protein involved in the solubilization of phosphodiesterase from the rod outer segment disc membrane during phototransduction (Fig. 8A, right panels) . Mapping of the myosin VIIa-, Kif3a-and rhodopsin-binding region on spectrin bV. GST-tagged bV-R29, GST-tagged bV-R29DPH, GST-tagged bV-PH and GST alone were incubated with total protein extracts of P35 rat retinas. GST-tagged bV-PH binds to both myosin VIIa, and Kif3a, while GST-tagged bV-R29DPH interacts with rhodopsin. (C) Rhodopsin-spectrin bV-motor complex reflects the progressive formation and maturation of retinal photoreceptor cells. The same amounts of proteins (blot with anti-actin) were used at each developmental stage, at P0 and P5 (stages at which the outer disks are not yet differentiated), P10 and P20 (differentiating and mature stage). The specific association between spectrin bV-rhodopsin and spectrin bV-Kif3a take place only from P10 onwards, which coincides with the opsin expression and is after the emergence of the outer segment. Molecular mass is indicated in kilodaltons (kDa).
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Human Molecular Genetics, 2013, Vol. 22, No. 18 Considering that the spectrin bV distribution pattern in the ellipsoid region of the photoreceptor cells overlaps with that of USH1 (inner segment and/or connecting cilium) and USH2 proteins (periciliary region) (Fig. 8B, see also 24,29,30,35,41) , we investigated whether spectrin bV may interact also with other USH1 proteins. GST-tagged bV-R29 or GST alone were incubated with protein extracts of HEK293 cells producing either the GFP-tagged myosin VIIa tail (positive control), GFP-tagged harmonin a, myc-tagged cadherin-23 cytodomain, myc-tagged protocadherin-15 cytodomain or myc-tagged sans (Supplementary Material, Fig. S5D) . A binding was obtained with harmonin and sans, whereas no interaction was detected between bV-R29 and the cytodomain of either cadherin-23 or protocadherin-15 (Supplementary Material, Fig. S5D ). These interactions were confirmed by direct in vitro binding experiments (Fig. 8C , and data not shown). We analysed also whether spectrin bV may interact with USH2 proteins, but failed to detect an interaction between the myc-tagged bV-R26 and GST-tagged fusion proteins of the usherin-and Vlgr1-cytodomains, or whirlin (Fig. 8D) .
Sans, through its central domain, has been shown to bind directly to the first FERM domain of myosin VIIa, at nM affinity (68) , indicating that the functioning of the two proteins is tightly linked in vivo. Indeed, it has been proposed that sans acts as an adaptor for the formation of the myosin VIIa/sans/ harmonin tripartite complex (68) , which explains why the Figure 8 . Spectrin bV is a member of the USH1 protein network. (A) Spectrin bV associates with key proteins of the photoreceptor outer segment. The association of several key proteins of the phototranduction machinery (left panel) with spectrin bV was tested. Transducin b1, arrestin and PDEg co-immunoprecipitate with spectrin bV (right panels). Under these conditions, anti-spectrin bV immunoprecipitates do not contain the connecting cilium component centrin. (B) Longitudinal sections of macaque retinas. The distribution patterns of the USH1 proteins myosin VIIa, and sans (left panels), overlap with that of spectrin bV, in the ellipsoid region of photoreceptor cells. Spectrin bV also is present around the periciliary ridge region, a collar region around and alongside the connecting cilium, where the docking of membranes and proteins, en route to the outer segment, occurs, and where USH2 proteins, including Vlgr1 (right panel), are detected (B). (C and D) Interactions between spectrin bV and USH proteins. GST-tagged bV-R29 interacts with myc-tagged sans and GFP-tagged harmonin (isoform a), and GFP-tagged myosin VIIa tail (used as a positive control). No binding is observed with myc-tagged cytoplasmic regions of protocadherin-15 and cadherin-23 (C). In the reciprocal experiments, unlike GST-tagged bV-R29 (used as a positive control), none of the GST-tagged USH2 proteins, usherin-cytodomain, Vlgr1-cytodomain and whirlin, interacts with myctagged bV-R26 (D).
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targeting of harmonin-b to the stereocilia tips depends on both myosin VIIa and sans (8, 9, 69) . Myosin VIIa has been involved also in the transfer of other proteins, such as protocadherin-15 (USH1F), Usherin (USH2A), Vlgr1 (USH2C) and whrilin (USH2D) from the hair cell body to stereocilia (8, 9, 69, 70) . In the photoreceptor cells, spectrin bV-myosin VIIa and spectrin bV-sans complexes probably form and operate from the Golgi apparatus, moving upwards along the trafficking route towards the outer segment. Notably, of the dozens of myosin VIIa binding partners reported so far (5,71), spectrin bV is the first protein with the ability to bridge this motor protein to opsin containing vesicles (Fig. 3E) . It is likely that a failure of the formation of myosin VIIa-spectrin bV-opsin complexes account for the abnormal accumulation of rhodopsin in the connecting cilium in myosin VIIa-deficient mice (32, 35) . Sans contribution to protein transport towards the outer segment is supported also by its interaction with myomegalin in the ellipsoid region (30) . Interaction of the spectrin bV complex with harmonin may occur at the docking sites around the ciliary plasma membrane, serving as scaffolds between spectrin-tethered complexes and the cytoskeleton (Fig. 8B) . It is noteworthy, however, that spectrin bV function in photoreceptor cells does not solely rely myosin VIIa and other USH1 proteins. Spectrin bV also interacts with the microtubule-based motors, which through their active role in transport, would explain why despite the absence of myosin VIIa, opsin transport was not completely abolished (32, 35) . Of note, spectrin bV is likely to bind other, yet uncovered, molecular complexes, especially via the spectrin repeats that form the long central region of the protein. Similar domains in other spectrins have, indeed, been involved in the stabilization of cytosolic and membrane proteins (36, 37, 49, 50) . Recently, it has been shown that myosin VIIa also directly interacts with the cyclic nucleotide gated channel a3, CNGA3, in the stereocilia of hair cells (72) . CNGA3 is a subunit of the cone photoreceptor channel, an heterotetramer made up of two CNGA3 and CNGB3 subunits, which raises the question of whether myosin VIIa interacts also with the photoreceptor channels thereby contributing, cooperatively with spectrin bV and/or sans, to their transport towards the outer segment. In summary, in addition to providing molecular explanations to the opsin transport delay in USH1B (myosin VIIa) mouse models, our findings extend the spectrin bV function to other phototransduction machinery and USH1 proteins. Finally, this study sheds light on the function of the spectrin b subunit, independently of its natural ligand, aII spectrin. We anticipate that similar, overlooked, situations that involve classical spectrin b subunits may be encountered in other cells, e.g. spectrin bIV without aII has been detected in axon initiation segments of neurons, surrounded by regions where spectrins aII/bII coexist (73, 74) . This points to the need to discriminate spectrin aII-dependent and -independent functions of spectrin multimers, especially regarding their role in protein sorting and targeting, in different cell types and varying wild-type and pathogenic cell contexts.
MATERIALS AND METHODS

Yeast two-hybrid screening
A human yeast two-hybrid (Y2H) retinal cDNA library was screened using the C-terminal MyTH4 and FERM domains (amino acids 1752 -2215) of myosin VIIa as the bait (75) . The positive Y2H clones were rescued, re-transformed into fresh L40 yeast cells and confirmed by growth on plates lacking histidine and b-galactosidase as described (75) . The specificity of the positive clones was further tested by co-transformation with irrelevant baits; lamin C (accession number AAA36164) and merlin (accession number NP_001239179) used as negative controls.
Cloning and generation of DNA constructs PCR-amplified fragments were first cloned into pCR2.1-TOPO (Invitrogen) and their sequences were checked prior to transfer to the appropriate vectors: i.e. pEGFP, pECFP and pEYFP (Clontech), pCMV-tag3B (Myc tag, Stratagene) and pcDNA3 (No tag, Flag or V5/His tag, Invitrogen) for in vitro translation and transfection experiments, and pXa3 (Biotin tag, Promega) or pGEX-// (GST tag, Amersham) for protein production.
The Y2H prey, referred to as bV-R29CT (amino acids 3355 -3674), corresponds to the C-terminal region of spectrin bV (accession number AAF65317.1). Despite several attempts, we could not succeed to obtain full-length cDNAs encoding the entire spectrin bV, most probably because of the repetitive homologous sequences of the spectrin repeats in the large central domain (amino acids 256 -3482; Fig. 1A , Supplementary Material, Fig. S1A ). Two human cDNA clones containing spectrin bV full length were obtained from OriGene, but several errors and extended gaps were revealed by sequencing, essentially between the spectrin repeats 15 and 20. Nonetheless, we used these clones to engineer a chimeric mini-classical spectrin bV, hereafter referred to as bV-R7/21 (amino acids 2 -1104 and 2473-3674), using a cDNA segment encoding amino acids 2-1104 and an additional segment encoding amino acids 2473 through the normal stop codon (Fig. 1F ). This spectrin construct, which lacks the spectrin repeats 8 to 20, still retains the actinbinding domain, a central region with 17 spectrin repeats, and the C-terminal region containing the tetramerization site, and the C-terminal region containing the PH domain. The following spectrin bV fragments, bV-CH (amino acids 1 -250), bV-R29 (amino acids 3317 -3674), bV-R23 (amino acids 2684 -3674), bV-R26 (amino acids 3002 -3674) and bV-R29DPH (amino acids 3317 -3530), and bV-PH (amino acids 3531 -3643) were reconstituted using bV-R7/21 as a template. Recombinant pcDNA3 vectors encoding the extracellular and transmembrane domains of human E-cadherin fused to a ClaI -XbaI fragment encoding spectrin bV-R29 were used.
For spectrin bII (accession no. NP_008877.1), a fragment corresponding to bII-R13 (amino acids 1595 -2363) was PCRamplified from adult mouse brain cDNA.
As regards USH1 and USH2 proteins, different fusion proteins containing myosin VIIa full length (amino acids 1-2215, accession no. AAB03679. The specificity of the purified anti-spectrin bV antibodies, directed against a human bV spectrin-fusion protein: amino acids 3443-3668, has been checked by immunocytofluorescence and immunoblot analysis (76) . Rabbit anti-aII spectrin, and bIV spectrin antibodies were obtained from G. Nicolas (Paris, France), and M. Rasband (Boston, USA), respectively. The antimyosin VIIa (antibody M1TN; 40), anti-cadherin-23 (antibody C1CDC, 77), and anti-sans (antibody S1SAM, 12), antiharmonin (antibody H1N), anti-protocadherin-15 (antibody P1CD1-3), anti-usherin (antibody U2CD), anti-Vlgr1 (antibody V2CD), and anti-whirlin (antibody W2N) (24), anti-centrin (63) and anti-arrestin (66), have been described elsewhere.
The following additional antibodies and reagents were used: rabbit anti-GFP (Invitrogen), mouse anti-myc (sc-40, Santa Cruz), mouse anti-Flag2 tag (F3165, Sigma Aldrich), mouse anti-synaptophysin (Clone SVP-38, Sigma), mouse anti-b tubulin III (SDL.3D10, Sigma), mouse anti-bI spectrin (Novocostra) and mouse anti-spectrin bII (612562, BD). Rabbit antiband 4.1G (C20), goat antibodies against bIII spectrin (sc-9660), anti-tranducins Gb1 and Gb3 were obtained from Santa Cruz Biotechnology. Rabbit anti-PDEg was from R. Cote (University of New Hampshire, USA). Mouse antirhodopsin (Abcam), mouse anti-Lamp1 (611043) and mouse anti-GM130 (610822), mouse anti-dynamitin p50 (611003), mouse anti-Kif3a (611508), mouse anti-actin (612656) were from BD transduction laboratories. The other following antibodies, mouse anti-DIC74 (MAB1618, Millipore), mouse monoclonal anti-glutamylated tubulin (GT335) (ALX-804-885, Enzo Life Sciences), mouse anti-rhodopsin (MAB5316, Millipore) and goat polyclonal anti-cone opsin (sc-22117, Santa Cruz), were used.
Secondary antibodies (Invitrogen) were as follows: Alexa 488-goat anti-rabbit, Alexa-488-goat anti-mouse, Alexa-Fluor-488 donkey anti-goat, Cy3-anti-mouse and Cy3-anti-rabbit and DyLight 649 anti-mouse. TRITC-phalloidin (Sigma) and DAPI (1 mg/ml; Sigma) were used to label F-actin and nuclei, respectively.
Protein -protein interaction assays
For in vitro binding assays, GST-tagged and His-tagged fusion proteins were produced in BL21(DE3)-CodonPlus-RP E. coli cells and purified using glutathione Sepharose 4B (GE Healthcare). In several experiments radiolabeled untagged proteins were translated with the T7/T3-coupled transcriptiontranslation system (Promega) according to the manufacturer's instructions. Equal amounts of either fusion proteins or GST alone were used as described (76) . Briefly, to test the spectrin bV-myosin VIIa direct interaction, a bacterial lysate containing GST alone or GST-tagged bV-R29 was incubated with preequilibrated glutathione-Sepharose beads for 90 min at 48C. The beads were washed three times with binding buffer (5% glycerol, 5 mM MgCl 2 and 0.1% Triton X-100 in phosphatebuffered saline) supplemented with a protease inhibitor cocktail (Roche), and then incubated with the in vitro translated 35 S-labeled myosin VIIa (amino acids 1 -2215) for 3 h at 48C on a rotating wheel. The beads were then washed four times with the binding buffer supplemented with 150 mM NaCl. Bound proteins were resuspended in 30 ml 2× concentrated SDS sample buffer, and analysed on a 4 -12% SDS -polyacrylamide gel. The gel was stained with Coomassie blue, dried and processed for autoradiography. For GST pull down assays, beads were incubated overnight with soluble protein extracts obtained from transfected HEK293 cells or adult rat retinas. Beads were then washed three times with binding buffer supplemented with 150 mM NaCl. Bound proteins were resuspended in 30 ml 2× concentrated SDS sample buffer, and analysed by western blot. Horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse antibodies (Jackson ImmunoResearch) and the ECL chemiluminescence system (Pierce) were used for detection.
Immunofluorescence and electron microscopy analyses
Eyes and inner ears from monkeys, humans and mice were used. Monkey, human or mouse eyecups were fixed in 4% paraformaldehyde in phosphate buffer, pH 7.4, at 48C for about 1 -2 h and infused sequentially for 12 h with 15 and 30% sucrose, then embedded in OCT medium, frozen in dry ice and kept at 2808C until use. Immunohistochemistry on retinal sections was carried out as previously described (24) . The sections were labelled overnight with the primary antibody diluted in PBS containing 0.1% Triton X-100 and 5% normal goat serum. Sections were rinsed in PBS, labelled for 1 h with appropriate secondary antibodies, and counterstained with DAPI nuclear stain and/or TRITC-phalloidin. Images were collected using a Zeiss LSM700 Meta confocal microscope (Carl Zeiss MicroImaging, Inc.) equipped with a plan Apo 63x NA 1.4 oil immersion objective lens.
For immunoelectron microscopy, we adopted postembedding and pre-embedding protocols as previously described (35, 61, 78) , respectively. Adult C57BL/6J mice were maintained under a 12 h light -dark cycle, with food and water ad libitum. After sacrifice of the animals in CO 2 and decapitation, subsequently entire eyeballs and appropriate tissues were 
Immunoprecipitation experiments
Lysates derived from human embryonic kidney HEK293 cells or from mouse or rat tissues were used. Transient transfections were performed at 90-95% confluency according to the manufacturer's recommendation, using Lipofectamine 2000 reagent (Invitrogen) as described (76) . In some experiments, mMACS anti-GFP coated beads were used to coimmunoprecipitate GFP-tagged proteins, according to supplier's recommendations (Milteny Biotec SAS, France). The HEK293 cell protein extracts or adult rat retina extracts were prepared by using 500 ml of immunoprecipitation buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 500 mM EDTA, 100 mM EGTA, 0.1% SDS, 1% Triton X-100 and 1% sodium deoxycholate), complemented with an EDTA-free cocktail of protease inhibitors (Roche). The soluble fraction was incubated for 6 h either with the antispectrin bV, the pre-immune serum or immunoprecipitation buffer alone, then with 50 ml of pre-equilibrated protein G beads (Pierce) at 48C overnight. After three washes with immunoprecipitation buffer, bound complexes were electrotransferred to nitrocellulose sheets and probed with appropriate antibodies. HRP-conjugated goat anti -rabbit antibodies (GE Healthcare) and the ECL chemiluminescence system (Pierce) were used for detection.
Lamp1 immunofluorescence analysis
HeLa cells were cultivated in Invitrogen D-MEM with GLUTA-MAX I and sodium pyruvate medium supplemented with 10% fetal bovine serum, 50 U/ml penicillin and 50 mg/ml streptomycin (Invitrogen). HeLa cells were transfected with Lipofectamine 2000 reagent (Invitrogen) according to the instructions of the manufacturer: with spectrin bV-R26, spectrin bV-R7/21 or spectrin bII-R13, fixed in 4% PFA and labelled. Stained cells on cover slips were mounted with FluorSaveTM reagent (Calbiochem, France) for imaging using an LSM 700 confocal laser scanning microscope (Carl Zeiss; 63x oil-immersion lens, 1.40 NA, LSM 700 software). For fluorescence quantification, the ImageJ software version 1.45f (NIH) was used to measure Lamp1 integrated fluorescence in the cytoplasm of transfected and not transfected cells. To minimize the variation in fluorescence intensities from image to image, we compared images acquired during the same session under identical settings and immunostained in the same experiment with the same pool of antibodies. For each cell, Lamp1 fluorescence was normalized dividing it by the nucleus area of the cell. Statistical analysis was performed using GraphPad Prism software. Data were analysed by the Mann -Whiney test.
Fluorescence resonance energy transfer microscopy (FRET) experiments
To visualize spectrin bV self-association in a cellular context, we used two expression vectors encoding spectrin fusion proteins with either CFP or YFP fluorophores tethered to their amino-terminal region. CFP-tagged bV-R23 (amino acids 2684-3674) and YFP-tagged bV-R29 (amino acids 3317 -3674) were used as donor and acceptor, respectively. After transient (co)transfection of HeLa cells, intracellular distribution of YFP-tagged bV-R29 or CFP-tagged bV-R23 fluorescence was imaged by confocal laser scanning microscopy. All experiments were performed between 24 and 48 h post-transfection. The excitation wavelength was 445 nm. The cyan (CFP) and yellow (YFP) fluorescence (lifetime) of the fusion proteins is monitored by use of a fluorescent protein-specific emission filters, BP455-495 for CFP, and BP 495-555 for YFP. A Lambert Instruments (The Netherlands) Lifa-X coupled to a Zeiss Axiovert 200M via a Yokogawa CSU22 Spinning Disc head was used to determine the fluorescence lifetimes of the fluorescent proteins. The system was calibrated using 10 mM fluorescein in ethanol (standard lifetime of 4 ns). The 445 nm laser and intensifier of the CCD were modulated at 40 MHz, the exposure time set to 300 ms and 12 images at different pseudo-random phase delays were acquired. The data were analysed using the commercial software. Measurements were made from multiple individual cells in each culture plate. Values are presented as mean + standard error of the mean (SEM). The double asterisk denotes statistically significant difference in Student's t-test, with P , 0.01.
